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ABSTRACT 
Diluted Magnetic Semiconductors (DMS) are being actively studied as a major step 
towards the realization of spintronic devices. However, to obtain the DMS with 
ferromagnetic behaviour at room temperature is the main obstacle in the fabrication 
of spintronic devices. This obstacle has prompted significant research efforts aimed 
at exploring new DMS. In this research, Gadolinium (Gd) was doped with Zinc 
Oxide (ZnO) to explore the feasibility of making new DMS. The Gd-doped ZnO 
(Zn1-xGdxO) was synthesized using the sol-gel spin coating technique. Parameters, 
such as the type of solvent, annealing environment and Gd contents, were varied in 
order to optimize the structural and magnetic properties. The optimum properties 
were obtained from a prepared solution using ethanol solvents, annealed in an Ar-
environment with 8 % Gd contents. The structural, surface topology, optical, 
electrical and magnetic properties of the film were studied in detail. Structural 
studies revealed that the film had a hexagonal wurtzite structure. Surface topologies 
showed that the film had a smooth and uniform surface. In addition, the film was also 
highly transparent within visible range with optical transmittance of approximately ~ 
90 %. The electrical analysis revealed that the resistivity and carrier concentration 
was about 3.17 x 10
-3
  cm and 8.27 x 10
14
 cm
-3
, respectively. The magnetic studies 
showed that the film was ferromagnetic at room temperature with a magnetization of 
0.0423 emu/g. The effect of ferromagnetic Gd-doped ZnO film on device 
performance was demonstrated by fabricating the Spin-Polarized Organic Solar Cell 
(Spin-OSC). It was found that the ferromagnetic Zn0.92Gd0.08O film contributed 
immensely to the performance of OSC. The result showed that the efficiency of 
Spin-OSC (0.16 %) was higher than conventional-OSC (0.04 %). Thus, this proved 
the possibility of spintronics in optoelectronic applications, especially in solar cells.   
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ABSTRAK 
Semikonduktor Magnet Cair (DMS) sedang dikaji secara aktif sebagai langkah 
utama ke arah merealisasikan peranti spintronik. Walau bagaimanapun, untuk 
mendapatkan DMS dengan tingkah laku feromagnet pada suhu bilik adalah halangan 
utama dalam fabrikasi peranti spintronik tersebut. Halangan ini telah mendorong 
usaha penyelidikan yang signifikan untuk meneroka DMS baru. Dalam kajian ini, 
Gadolinium (Gd) telah didopkan dengan Zink Oksida (ZnO) untuk meneroka 
kebolehlaksanaan membuat DMS baru. ZnO didop Gd (Zn1-xGdxO) telah disintesis 
menggunakan teknik sol-gel salutan putaran. Parameter seperti jenis pelarut, 
persekitaran penyepuhlindapan dan kandungan Gd diubah untuk mengoptimumkan 
sifat-sifat struktur dan magnetik. Sifat-sifat optimum diperoleh daripada larutan yang 
disediakan menggunakan pelarut etanol, disepuh lindap dalam persekitaran Ar 
dengan 8%  kandungan Gd. Sifat-sifar struktur, permukaan topologi, optik, elektrik 
dan magnetik filem telah dikaji secara terperinci. Kajian struktur menunjukkan 
bahawa filem itu mempunyai struktur wurtzit heksagonal. Permukaan topologi 
menunjukkan bahawa filem itu mempunyai permukaan licin dan seragam. Di 
samping itu, filem tersebut juga lutsinar tinggi dalam julat nampak dengan 
kehantaran optik  kira-kira ~ 90%. Analisis elektrik mendedahkan bahawa 
kerintangan dan kepekatan pembawa adalah kira-kira 3.17 x 10
-3
 cm dan 8.27 x 10
14
 
cm
-3
, masing-masing. Kajian magnet menunjukkan bahawa filem itu adalah 
feromagnet pada suhu bilik dengan kemagnetan 0.0423 emu / g. Kesan filem 
ferromagnet Zn1-xGdxO keatas  prestasi peranti telah ditunjukkan dengan 
menfabrikasi Spin- terkutub Sel Suria Organik (Spin-OSC). Didapati bahawa filem 
ferromagnet Zn0.92Gd0.08O sangat menyumbang kepada prestasi OSC. Keputusan 
menunjukkan bahawa kecekapan Spin-OSC (0.16 %) adalah lebih tinggi daripada 
konvensional-OSC (0.04 %). Oleh itu, ini membuktikan kemungkinan spintronik 
dalam applikasi optoelektronik terutamanya dalam sel solar.  
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CHAPTER 1 
INTRODUCTION 
1.1 Overview on Electronics  
Today, almost all technological application such as data processing storage, 
integrated circuits, high-frequency devices and etc. are comprised of electronic 
devices (e.g. diode, transistor, etc.,). The electronic devices are very important in our 
daily. Our kitchens from water coolers to the microwave ovens are equipped with 
electronic equipment. Even the doctors at the hospital rely on electronics in order to 
diagnose and treat the various diseases. It began with the invention of the vacuum 
tubes [1]. The vacuum tubes are also known as electron tube device widely used to 
amplify the electronic signals. It consists of two or more electrodes inside a glass 
tube. The invention of the vacuum tube has played an important role in our modern 
electronic technology.  
Until the advent of the transistor in the 1950s, the vacuum tubes have an 
enormous number of applications. They have been widely used in radio receiver as 
well as in early digital computers. Unfortunately, the vacuum tubes have many 
drawbacks. It is bulky, therefore; it is less suitable for portable products. It operates 
generally at a higher voltage and consumes high power. Furthermore, the glass tubes 
are fragile, limited life and low reliability therefore not suitable for many industrial 
applications [2].  
The invention of the transistor in the 20th century is an alternative to the 
vacuum tube [1]. In contrast to the vacuum tube, the transistors are smaller and more 
compact; e.g., one transistor can replace the equivalent of 40 vacuum tubes. 
Furthermore, the transistors are usually made of solid material, such as silicon; 
therefore, it is inexpensive, able to conduct electricity faster and give off virtually no 
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heat compared to vacuum tubes [3]. After the invention of the transistor, the 
microelectronics industries have achieved tremendous growth in integrated circuit 
chips that have some application today. The integrated circuit is a pack containing a 
large number of transistors in a single chip that able to increase the efficiency of the 
computer in addition to reduce the costs [4]. 
Along with the rapid development of microelectronic technology, Moore’s 
law is running out of momentum for better device performance. According to 
Moore’s law, the numbers of the transistor in an integrated circuit will double 
approximately every two years [5]. In general, the process of the miniaturization is 
good for the transistor and other electronic devices because it can enhance the 
efficiency of the devices while reducing cost. However, the continued 
miniaturization of the devices will face with the problems related to the electric 
current leakage, power consumption and heat dissipation [6, 7]. Therefore, an 
alternative solution must be taken to face this problem. 
Most of the electronic devices are based on the principle to generate or 
control the electric current by exploiting the charge of electrons, i.e. by steering the 
motion of the charge through their interaction with external electrical or 
electromagnetic fields. In fact, the electron actually has another property i.e. spin. 
The movement of the Earth circulating the Sun in the solar system (Figure 1.1) can 
represent the analogy of the spin. As the Earth circulates around the Sun, it also spins 
on its axis. In a similar fashion, the electron circulating around the nucleus and at the 
same time it also spins around its axis. 
 
 
 
 
 
 
 
  
 
Figure 1.1:  Schematic representing the analogy of the electron spins circulating the 
nucleus (the sun is representative the nucleus while the earth representing the 
electron) 
Earth (electron)  
Sun 
(nucleus) 
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Indeed, the spins are the root of magnetism and it cannot be gained or lost. It 
also can exist in one of two states i.e. ―up‖ or ―down,‖ rather than ―on‖ ―or‖ off. The 
spins can be controlled electrically with the application of few volts. Furthermore, 
the spin is a quantum nature, so it can exist in infinitely many intermediate states 
depending on the energy of the system. Hence, the researcher and physicists believe 
that these advantages offer the possibility to develop a new generation of devices that 
based on the principle of the electron spin or also called spintronics.  
1.2 Introduction to Spintronics  
Spin-based electronics or spintronics is a term used to describe the new field that 
manipulates the spin of the electron. The spintronic become an important subject of 
the science from both its fundamental and application because it has a strong 
potential to bring novel and promising concepts. 
Spintronics emerged from the discovery of Giant Magnetoresistance (GMR) 
effect by Albert Fert and Peter Grünberg [8]. Applications of this GMR have 
revolutionized techniques for retrieving data from hard disks. The GMR’s 
application contributed to the fast rise in the density of stored information. For 
instance, since the discovery of GMR in around 1997, storage capacities have 
increased approximately 100 times [9]–[11]. However, so far most of the 
successfully commercialized devices are made of magnetic materials. Because the 
spin in magnetic material is easy to control since they are polarized. In a 
semiconductor, the spin is difficult to manipulate because the direction of spin is 
randomly oriented since the material is non-magnetic.  
Since a few years ago, the search for materials combining both the 
semiconducting and ferromagnetic properties has evolved into an important field of 
materials science [12]. The combinations of these properties are expected to realize a 
new generation of spintronic device. In conjunction with this, Diluted Magnetic 
Semiconductor (DMS) that can be formed by doping magnetic ions into 
semiconductor has become a major focus. In DMS both the charge and spin of 
electrons can be used since it has both semiconducting and magnetic properties. The 
discovery of DMS opens possibility to develop semiconductor-based spintronic 
devices such as spin-solar cell, spin-transistors, spins Light emitting diodes, magnetic 
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sensors, non-volatile memory, logic devices, optical isolators and ultra-fast optical 
switches. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Concept chart of semiconductor-based spintronics 
1.3 Background of Study 
Ferromagnetism and semiconducting behaviour indeed coexist in a magnetic 
semiconductors such as europium (Eu) chalcogenides (e.g., EuSe, EuS, EuO) and 
semiconducting spinels (e.g., CdCr2S4, CdCr2Se4). The materials were extensively 
studied from the late 1960s to early 1970s [13]–[15]. However, the Curie 
temperature (Tc) is lower than room temperatures, which make the ferromagnetic not 
retain at room temperature [16]–[18].   
DMS is an alternative to the magnetic semiconductor. The first discovery 
DMS is transition metal (TM) doped II-VI compound semiconductors, typical 
examples are ZnSe, CdSe and CdTe [19], [20]. However, these materials exhibited 
weak ferromagnetic behaviour with Tc only a few Kelvin (K).  
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Later on, Munekata et al. successfully synthesize Mn-doped indium arsenide 
(InAs) using molecular beam epitaxy (MBE) [21]. The films that have been grown at 
200 
o
C showed homogeneous which exhibit paramagnetic behaviour, while the films 
grown at 300 
o
C was showed ferromagnetic behaviour. However, the behaviour of 
ferromagnetism is due to the presence of MnAs nanoclusters. If the temperature is 
low, the atoms of the magnetic element have not enough thermic energy to diffuse up 
to the surface and form the so-called second phase (the nanoparticles). Seven years 
later, Ohno et al. [22] have successfully grown the first intrinsic ferromagnetic 
gallium-manganese-arsenide (GaMnAs) DMS thin films using low-temperature 
MBE (LT-MBE) and proved the ferromagnetism by super-conducting quantum 
interference device (SQUID) measurements. Nevertheless, the highest reported Tc 
achieved in this system is about ~185 K. Although the Tc of these compounds has 
greatly improved compared to previous group compounds,  it is still far below room 
temperature [23]. 
In year 2000s, Dielt et al. simulated  Tc for various host semiconductor doped 
with 5 % Mn using Zener model (see Figure 1.4) [24].  Interestingly, among the host 
semiconductors that simulated, wide band gap semiconductor, zinc oxide (ZnO) and 
gallium nitrate (GaN) were predicted as a potential host material to exhibit Tc higher 
than room temperature. Furthermore, both materials have smaller lattice constants 
(Figure 1.4), large p–d hybridization, and small spin-orbit interaction, resulting in a 
large spin coherence length which is a prerequisite to exhibit higher Tc [25], [26]. 
Although the GaN was predicted as one of a promising candidate as a host 
semiconductor, however, the development of GaN require complex processing steps 
and difficult to synthesize without vacuum based heavy instrumentation [27]. Hence, 
to obtain ferromagnetic films with Tc higher than room temperature are challenging. 
On the other hand, the ability of the ZnO to synthesize high quality films at the lower 
processing temperature and simple deposition technique without vacuum make it 
suitable as a host semiconductor. This is particularly important for the design and 
fabrication of devices.  
 
 
 
 
 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
94 
 
REFERENCES 
[1] J. Whitaker, Power vacuum tubes handbook, vol. 16. CRC press, 2012. 
[2] C. Fourteen, ―14. Semiconductor Electronics,‖ 1948. 
[3] J. M. Early, ―Out to Murray Hill to play: an early history of transistors,‖ IEEE 
Trans. Electron Devices, vol. 48, no. 11, pp. 2468–2472, 2001. 
[4] W. F. Brinkman, D. E. Haggan, and W. W. Troutman, ―A history of the 
invention of the transistor and where it will lead us,‖ IEEE Journal of Solid-
State Circuits, vol. 32, no. 12. pp. 1858–1865, 1997. 
[5] J. Wu, Y. Shen, K. Reinhardt, H. Szu, and B. Dong, ―A Nanotechnology 
Enhancement to Moore ’ s Law,‖ vol. 2013, 2013. 
[6] H. D. Bickley, ―Cooling of electronic equipment,‖ Electron. Power, vol. 29, 
no. 5, p. 386, 1983. 
[7] R. W. Keyes, ―Physical limits of silicon transistors and circuits,‖ Reports 
Prog. Phys., vol. 68, no. 12, pp. 2701–2746, 2005. 
[8] M. N. Baibich, J. M. Broto, A. Fert, F. N. Van Dau, F. Petroff, P. Etienne, G. 
Creuzet, A. Friederich, and J. Chazelas, ―Giant Magnetoresistance of 
(001)Fe/(001)Cr Magnetic Superlattices,‖ Phys. Rev. Lett., vol. 61, no. 21, pp. 
2472–2475, Nov. 1988. 
[9] W. P. McCray, ―How spintronics went from the lab to the iPod,‖ Nat Nano, 
vol. 4, no. 1, pp. 2–4, Jan. 2009. 
[10] Y. Xu and S. Thompson, Spintronic materials and technology. CRC Press, 
2006. 
[11] G. Joshi and S. K. Joshi, ―Spintronics and quantum computation,‖ Indian J. 
Physics, Part A, vol. 78A, no. 3, pp. 299–308, 2004. 
[12] T. Dietl, ―A ten-year perspective on dilute magnetic semiconductors and 
oxides,‖ Nat Mater, vol. 9, no. 12, pp. 965–974, Dec. 2010. 
[13]  a. Mauger and C. Godart, ―The magnetic, optical, and transport properties of 
representatives of a class of magnetic semiconductors: The europium 
chalcogenides,‖ Phys. Rep., vol. 141, no. 2–3, pp. 51–176, 1986. 
[14] L. Treitinger, H. Göbel, and H. Pink, ―Magnetic semiconducting spinels in the 
mixed system Co1−xFexCr2S4,‖ Mater. Res. Bull., vol. 11, no. 11, pp. 1375–
1379, Nov. 1976. 
[15] G. H. Edgar F. Steigmeier, ―Phonons and magnetic order in ferromagnetic 
CdCr2Se4 and CdCr2S4.‖ 
[16] T. Dietl, ―Ferromagnetic semiconductors,‖ Semicond. Sci. Technol., vol. 17, 
no. 4, p. 377, 2002. 
[17] H. Ohno and F. Matsukura, ―A ferromagnetic III–V semiconductor: 
(Ga,Mn)As,‖ Solid State Commun., vol. 117, no. 3, pp. 179–186, Jan. 2001. 
[18] A. Schmehl, V. Vaithyanathan, A. Herrnberger, S. Thiel, C. Richter, M. 
Liberati, T. Heeg, M. Röckerath, L. F. Kourkoutis, and S. Mühlbauer, 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
95 
 
―Epitaxial integration of the highly spin-polarized ferromagnetic 
semiconductor EuO with silicon and GaN,‖ Nat. Mater., vol. 6, no. 11, pp. 
882–887, 2007. 
[19] J. K. Furdyna, ―Diluted magnetic semiconductors,‖ J. Appl. Phys., vol. 64, no. 
4, 1988. 
[20] M. A. Novak, S. Oseroff, and O. G. Symko, ―Transition from spin-glass to 
Phys. B+C, vol. 107, no. 1–3, pp. 
313–314, Aug. 1981. 
[21] H. Munekata, H. Ohno, S. von Molnar, A. Segmüller, L. L. Chang, and L. 
Esaki, ―Diluted magnetic III-V semiconductors,‖ Phys. Rev. Lett., vol. 63, no. 
17, pp. 1849–1852, Oct. 1989. 
[22] H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y. 
Iye, ―(Ga,Mn)As: A new diluted magnetic semiconductor based on GaAs,‖ 
Appl. Phys. Lett., vol. 69, no. 3, 1996. 
[23] K. Olejn’ik, M. H. S. Owen, V. Novák, J. Ma\ifmmode \checks\else š\fiek, A. 
C. Irvine, J. Wunderlich, and T. Jungwirth, ―Enhanced annealing, high Curie 
temperature, and low-voltage gating in (Ga,Mn)As: A surface oxide control 
study,‖ Phys. Rev. B, vol. 78, no. 5, p. 54403, Aug. 2008. 
[24] T. Dietl, ―Zener Model Description of Ferromagnetism in Zinc-Blende 
Magnetic Semiconductors,‖ Science, vol. 287, no. 5455. pp. 1019–1022, 2000. 
[25] S. J. Pearton, D. P. Norton, M. P. Ivill, A. F. Hebard, J. M. Zavada, W. M. 
Chen, and I. a. Buyanova, ―ZnO doped with transition metal ions,‖ IEEE 
Trans. Electron Devices, vol. 54, no. 5, pp. 1040–1048, 2007. 
[26] J. Y. Fu and M. W. Wu, ―Spin-orbit coupling in bulk ZnO and GaN,‖ J. Appl. 
Phys., vol. 104, no. 9, p. 93712, 2008. 
[27] U. Philipose and G. Sapkota, ―Ferromagnetic ZnO Nanowires for Spintronic 
Ferromagnetic ZnO Nanowires for Spintronic Applications Applications.‖ 
[28] C. Liu, F. Yun, and H. Morkoç, ―Ferromagnetism of ZnO and GaN: A 
Review,‖ J. Mater. Sci. Mater. Electron., vol. 16, no. 9, pp. 555–597, 2005. 
[29] W. E. Fenwick, M. H. Kane, R. Varatharajan, J. Zaidi, Z. Fang, B. Nemeth, D. 
J. Keeble, H. El-Mkami, G. M. Smith, J. Nause, C. J. Summers, and I. T. 
Ferguson, ―Transition metal and rare earth-doped ZnO: a comparison of 
optical, magnetic, and structural behavior of bulk and thin films ,‖ Conf. Zinc 
Oxide Mater. Devices II, vol. 6474, no. January 2016, pp. Q4741–Q4741, 
2007. 
[30] G. Vijayaprasath, R. Murugan, T. Mahalingam, Y. Hayakawa, and G. Ravi, 
―Enhancement of ferromagnetic property in rare earth neodymium doped ZnO 
nanoparticles,‖ Ceram. Int., vol. 41, no. 9, Part A, pp. 10607–10615, Nov. 
2015. 
[31] Z. Wu, X. C. Liu, and J. C. A. Huang, ―Room temperature ferromagnetism in 
Tb doped ZnO nanocrystalline films,‖ J. Magn. Magn. Mater., vol. 324, no. 4, 
pp. 642–644, Feb. 2012. 
[32] P. P. Murmu, J. Kennedy, B. J. Ruck, and J. Leveneur, ―Structural, electronic 
and magnetic properties of Er implanted ZnO thin films,‖ Nucl. Instruments 
Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms, vol. 359, pp. 1–
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
96 
 
4, Sep. 2015. 
[33] I. S. Roqan, S. Venkatesh, Z. Zhang, S. Hussain, I. Bantounas, J. B. Franklin, 
T. H. Flemban, B. Zou, J.-S. Lee, U. Schwingenschlogl, P. K. Petrov, M. P. 
Ryan, and N. M. Alford, ―Obtaining strong ferromagnetism in diluted Gd-
doped ZnO thin films through controlled Gd-defect complexes,‖ J. Appl. 
Phys., vol. 117, no. 7, 2015. 
[34] S. Dhar, L. Pérez, O. Brandt,  a. Trampert, K. H. Ploog, J. Keller, and B. 
Beschoten, ―Gd-doped GaN: A very dilute ferromagnetic semiconductor with 
a Curie temperature above 300 K,‖ Phys. Rev. B - Condens. Matter Mater. 
Phys., vol. 72, no. 24, pp. 1–9, 2005. 
[35] X. Ma, ―The magnetic properties of Gd doped ZnO nanowires,‖ Thin Solid 
Films, vol. 520, no. 17, pp. 5752–5755, Jun. 2012. 
[36] A. A. Dakhel and M. El-hilo, ―Ferromagnetic nanocrystalline Gd-doped ZnO 
powder synthesized by coprecipitation,‖ pp. 1–6, 2010. 
[37] L. Znaidi, ―Sol-gel-deposited ZnO thin films: A review,‖ Mater. Sci. Eng. B 
Solid-State Mater. Adv. Technol., vol. 174, no. 1–3, pp. 18–30, 2010. 
[38] B. Endres, M. Ciorga, M. Schmid, M. Utz, D. Bougeard, D. Weiss, G. 
Bayreuther, and C. H. Back, ―Demonstration of the spin solar cell and spin 
photodiode effect,‖ Nat Commun, vol. 4, Jul. 2013. 
[39] Y.-M. Hao, S.-Y. Lou, S.-M. Zhou, R.-J. Yuan, G.-Y. Zhu, and N. Li, 
―Structural, optical, and magnetic studies of manganese-doped zinc oxide 
hierarchical microspheres by self-assembly of nanoparticles,‖ Nanoscale Res. 
Lett., vol. 7, no. 1, p. 100, Feb. 2012. 
[40] B. V. Avrutin, N. Izyumskaya, D. J. Silversmith, and H. Morkoc, 
―Ferromagnetism in ZnO- and GaN-Based Diluted Magnetic Semiconductors : 
Achievements and Challenges,‖ vol. 98, no. 7, 2010. 
[41] S. Soltan, Interaction of Superconductivity and Ferromagnetism in YBCO-
LCMO Heterostructures. Cuvillier Verlag, 2005. 
[42] D. Bürgler, ―Spintronics : Magnetism and Spin-Dependent Transport on the 
Nanometer Scale,‖ J. Sib. Fed. Univ., vol. 3, no. 1, pp. 23–47, 2010. 
[43] G. A. Prinz, ―Magnetoelectronics,‖ Science (80-. )., vol. 282, no. 5394, pp. 
1660–1663, 1998. 
[44] T. Dietl and H. Ohno, ―Dilute ferromagnetic semiconductors: Physics and 
spintronic structures,‖ Rev. Mod. Phys., vol. 86, no. 1, pp. 187–251, Mar. 
2014. 
[45] P. M. Krstajić, F. M. Peeters, V. A. Ivanov, V. Fleurov, and K. Kikoin, 
―Double-exchange mechanisms for Mn-doped III-V ferromagnetic 
semiconductors,‖ Phys. Rev. B - Condens. Matter Mater. Phys., vol. 70, no. 
19, pp. 1–16, 2004. 
[46] V. I. Litvinov and V. K. Dugaev, ―Ferromagnetism in Magnetically Doped III-
V Semiconductors,‖ Phys. Rev. Lett., vol. 86, no. 24, pp. 5593–5596, Jun. 
2001. 
[47] D. C. Jiles, Introduction to magnetism and magnetic materials. CRC press, 
1998. 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
97 
 
[48] N. Spaldin, Magnetic Materials. Fundamentals and applications. 2010. 
[49] S. Blundell, Magnetism in condensed matter. Oxford Univ. Press, 2001. 
[50] D. Jiles, Introduction to magnetism and magnetic materials. CRC press, 2015. 
[51] A. David, A. Olaosebikan, and T. Olabode, ―Investigation of critical 
temperature and magnetic susceptibility of Gadolinium 20x20 and 50x50 
square lattices.,‖ vol. 5, no. 9, pp. 1221–1229, 2014. 
[52] L. Merhari, Hybrid nanocomposites for nanotechnology. Springer, 2009. 
[53] H. Morkoç and Ü. Özgür, Zinc oxide: fundamentals, materials and device 
technology. John Wiley & Sons, 2008. 
[54] John JL Morton, ―Magnetic properties of materials,‖ Univ. Coll. London, vol. 
1, pp. 1–23, 1971. 
[55] F. Lu, W. Cai, and Y. Zhang, ―ZnO hierarchical micro/nanoarchitectures: 
solvothermal synthesis and structurally enhanced photocatalytic performance,‖ 
Adv. Funct. Mater., vol. 18, no. 7, pp. 1047–1056, 2008. 
[56] T.-P. Chen, S.-J. Young, S.-J. Chang, C.-H. Hsiao, and Y.-J. Hsu, ―Bending 
effects of ZnO nanorod metal–semiconductor–metal photodetectors on 
flexible polyimide substrate,‖ Nanoscale Res. Lett., vol. 7, no. 1, pp. 1–6, 
2012. 
[57] M. Qiu, Z. Ye, J. Lu, H. He, J. Huang, L. Zhu, and B. Zhao, ―Growth and 
properties of ZnO nanorod and nanonails by thermal evaporation,‖ Appl. Surf. 
Sci., vol. 255, no. 7, pp. 3972–3976, 2009. 
[58] Z. Fan and J. G. Lu, ―Zinc oxide nanostructures: synthesis and properties.,‖ J. 
Nanosci. Nanotechnol., vol. 5, no. 10, pp. 1561–1573, 2005. 
[59] C. F. Klingshirn, A. Waag, A. Hoffmann, and J. Geurts, Zinc oxide: from 
fundamental properties towards novel applications, vol. 120. Springer Science 
& Business Media, 2010. 
[60] Ü. Özgür, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Doğan, V. 
Avrutin, S. Cho, and H. Morkoç, ―A comprehensive review of ZnO materials 
and devices, Applied Physics Reviews, vol. 41301, no. 2005, 2016. 
[61] V. A. Coleman and C. Jagadish, ―Basic Properties and Applications of ZnO,‖ 
Zinc Oxide Bulk, Thin Film. Nanostructures, no. December, pp. 1–20, 2006. 
[62] C. Klingshirn, ―ZnO: material, physics and applications,‖ ChemPhysChem, 
vol. 8, no. 6, pp. 782–803, 2007. 
[63] J. Jensen and A. R. Mackintosh, Rare earth magnetism. Clarendon Oxford, 
1991. 
[64] J. M. D. Coey, V. Skumryev, and K. Gallagher, ―Rare-earth metals: Is 
gadolinium really ferromagnetic?,‖ Nature, vol. 401, no. 6748, pp. 35–36, 
Sep. 1999. 
[65] V. V Vorob’ev, Y. N. Smirnov, and V. A. Finkel, ―The Crystal Structure of 
Gadolinium at 120-370° K,‖ Sov. J. Exp. Theor. Phys., vol. 22, p. 1212, 1966. 
[66] E. P. Muljadi, Gadolinium. Paul Muljadi. 
[67] D.-L. Hou, R.-B. Zhao, Y.-Y. Wei, C.-M. Zhen, C.-F. Pan, and G.-D. Tang, 
―Room temperature ferromagnetism in Ni-doped ZnO films,‖ Curr. Appl. 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
98 
 
Phys., vol. 10, no. 1, pp. 124–128, Jan. 2010. 
[68] Y. Liu, J. Yang, Q. Guan, L. Yang, H. Liu, Y. Zhang, Y. Wang, D. Wang, J. 
Lang, Y. Yang, L. Fei, and M. Wei, ―Effect of annealing temperature on 
structure, magnetic properties and optical characteristics in Zn0.97Cr0.03O 
nanoparticles,‖ Appl. Surf. Sci., vol. 256, no. 11, pp. 3559–3562, Mar. 2010. 
[69] J. Qi, D. Gao, L. Zhang, and Y. Yang, ―Room-temperature ferromagnetism of 
the amorphous Cu-doped ZnO thin films,‖ Appl. Surf. Sci., vol. 256, no. 8, pp. 
2507–2508, Feb. 2010. 
[70] J. Qi, D. Gao, J. J. Liu, W. Yang, Q. Wang, J. Zhou, and Y. Yang, ―Magnetic 
properties of Er-doped ZnO films prepared by reactive magnetron sputtering,‖ 
Appl. Phys. A, vol. 100, no. 1, pp. 79–82, 2010. 
[71] A. Bandyopadhyay, S. Modak, S. Acharya, A. K. Deb, and P. K. Chakrabarti, 
―Microstructural, magnetic and crystal field investigations of nanocrystalline 
Dy
3+
 doped zinc oxide,‖ Solid State Sci., vol. 12, no. 4, pp. 448–454, 2010. 
[72] K. Potzger, S. Zhou, F. Eichhorn, M. Helm, W. Skorupa, A. Mücklich, J. 
Fassbender, T. Herrmannsdörfer, and A. Bianchi, ―Ferromagnetic Gd-
implanted ZnO single crystals,‖ J. Appl. Phys., vol. 99, no. 6, p. 63906, 2006. 
[73] A. A. Dakhel and M. El-Hilo, ―Ferromagnetic nanocrystalline Gd-doped ZnO 
powder synthesized by coprecipitation,‖ J. Appl. Phys., vol. 107, no. 12, p. , 
2010. 
[74] H. Shi, P. Zhang, S.-S. Li, and J.-B. Xia, ―Magnetic coupling properties of 
rare-earth metals (Gd, Nd) doped ZnO: First-principles calculations,‖ J. Appl. 
Phys., vol. 106, no. 2, p. 23910, 2009. 
[75] M. Subramanian, P. Thakur, M. Tanemura, T. Hihara, V. Ganesan, T. Soga, 
K. H. Chae, R. Jayavel, and T. Jimbo, ―Intrinsic ferromagnetism and magnetic 
anisotropy in Gd-doped ZnO thin films synthesized by pulsed spray pyrolysis 
method,‖ J. Appl. Phys., vol. 108, no. 5, p. 53904, 2010. 
[76] V. Ney, S. Ye, T. Kammermeier, K. Ollefs, F. Wilhelm, A. Rogalev, S. 
Lebègue, A. L. da Rosa, and A. Ney, ―Structural and magnetic analysis of 
epitaxial films of Gd-doped ZnO,‖ Phys. Rev. B, vol. 85, no. 23, p. 235203, 
Jun. 2012. 
[77] J. H. Yang, L. Y. Zhao, X. Ding, L. L. Yang, Y. J. Zhang, Y. X. Wang, and H. 
L. Liu, ―Magnetic properties of Co-doped ZnO prepared by sol–gel method,‖ 
Mater. Sci. Eng. B, vol. 162, no. 3, pp. 143–146, 2009. 
[78] A. Kumar, N. Yadav, M. Bhatt, N. K. Mishra, P. Chaudhary, and R. Singh, 
―Sol-Gel Derived Nanomaterials and It ’ s Applications : A Review,‖ vol. 5, 
no. 12, pp. 98–105, 2015. 
[79] N. Sahu, B. Parija, and S. Panigrahi, ―Fundamental understanding and 
modeling of spin coating process: A review,‖ Indian J. Phys., vol. 83, no. 4, 
pp. 493–502, 2009. 
[80] D. E. Bornside, C. W. Macosko, and L. E. Scriven, ―Spin coating: One-
dimensional model,‖ J. Appl. Phys., vol. 66, no. 11, pp. 5185–5193, 1989. 
[81] S. Attia, J. Wang, G. Wu, J. Shen, and J. Ma, ―Review on Sol—Gel Derived 
Coatings: Process, Techniques and Optical Applications,‖ Journal of 
Materials Science & technology, vol. 18. pp. 211–218, 2002. 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
99 
 
[82] B. Fultz and J. M. Howe, Transmission Electron Microscopy and 
Diffractometry of Materials (Third Edition). 2007. 
[83] P. U. Aparna, N. K. Divya, and P. P. Pradyumnan, ―Structural and Dielectric 
Studies of Gd Doped ZnO Nanocrystals at Room Temperature,‖ no. February, 
pp. 79–88, 2016. 
[84] M. Sharma and R. P. Gairola, ―Performance Evaluation of ZnO Based,‖ 2013. 
[85] L. Abelmann, ―Principle of Magnetic Force Microscopy,‖ pp. 1–7, 2005. 
[86] K. H. J. Buschow and F. R. De Boer, 2.1 Spin and Orbital States of Electrons. 
2003. 
[87] A. Tumuluri, K. L. Naidu, and K. C. J. Raju, ―Band gap determination using 
Tauc ’s plot for LiNbO3 thin films,‖ Int. J. ChemTech Res, vol. 6, no. 6, pp. 
3353–3356, 2014. 
[88] B. Valeur, ―Absorption of UV–Visible Light,‖ Mol. Fluoresc., vol. 8, pp. 20–
33, 2002. 
[89] E. H. Putley, ―The hall effect and its applications,‖ Contemp. Phys., vol. 16, 
no. 2, pp. 101–126, Mar. 1975. 
[90] H. Probe, T. H. Effect, and L. Force, ―Electric and Magnetic Field and the 
Hall Effect,‖ pp. 1–21. 
[91] K. S. Liao, S. D. Yambem, A. Haldar, N. J. Alley, and S. a. Curran, ―Designs 
and architectures for the next generation of organic solar cells,‖ Energies, vol. 
3, no. 6, pp. 1212–1250, 2010. 
[92] G. A. Chamberlain, ―Organic solar cells: a review,‖ Sol. cells, vol. 8, no. 1, pp. 
47–83, 1983. 
[93] H. Hoppe and N. S. Sariciftci, ―Organic solar cells: An overview,‖ J. Mater. 
Res., vol. 19, no. 7, pp. 1924–1945, 2004. 
[94] M. D. McGehee and M. . Topinka, ―Solar cells: Pictures from the blended 
zone,‖ Nat. Mater., vol. 5, no. 9, pp. 675–676, 2006. 
[95] C. W. Tang, ―Two‐layer organic photovoltaic cell,‖ Appl. Phys. Lett., vol. 48, 
no. 2, 1986. 
[96] H. Spanggaard and F. C. Krebs, ―A brief history of the development of 
organic and polymeric photovoltaics,‖ Sol. Energy Mater. Sol. Cells, vol. 83, 
no. 2, pp. 125–146, 2004. 
[97] K.-S. Liao, S. D. Yambem, A. Haldar, N. J. Alley, and S. A. Curran, ―Designs 
and architectures for the next generation of organic solar cells,‖ Energies, vol. 
3, no. 6, pp. 1212–1250, 2010. 
[98] J. Peet, M. L. Senatore, A. J. Heeger, and G. C. Bazan, ―The role of 
processing in the fabrication and optimization of plastic solar cells,‖ Adv. 
Mater., vol. 21, no. 14‐15, pp. 1521–1527, 2009. 
[99] P. Kumaresan, S. Vegiraju, Y. Ezhumalai, S. Yau, C. Kim, W.-H. Lee, and 
M.-C. Chen, ―Fused-Thiophene Based Materials for Organic Photovoltaics 
and Dye-Sensitized Solar Cells,‖ Polymers (Basel)., vol. 6, no. 10, pp. 2645–
2669, 2014. 
[100] B. C. Thompson and J. M. J. Frechet, ―Polymer–fullerene composite solar 
cells,‖ Angew. chemie Int. Ed., vol. 47, no. 1, pp. 58–77, 2008. 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
100 
 
[101] J. D. Servaites, M. A. Ratner, and T. J. Marks, ―Organic solar cells: a new 
look at traditional models,‖ Energy Environ. Sci., vol. 4, no. 11, pp. 4410–
4422, 2011. 
[102] D. Bartesaghi, I. del C. Perez, J. Kniepert, S. Roland, M. Turbiez, D. Neher, 
and L. J. A. Koster, ―Competition between recombination and extraction of 
free charges determines the fill factor of organic solar cells,‖ Nat Commun, 
vol. 6, May 2015. 
[103] S. Panda, Microelectronics and Optoelectronics Technology. Laxmi 
Publications, 2009. 
[104] S. A. Kamaruddin, K.-Y. Chan, H.-K. Yow, M. Zainizan Sahdan, H. Saim, 
and D. Knipp, ―Zinc oxide films prepared by sol–gel spin coating technique,‖ 
Appl. Phys. A, vol. 104, no. 1, pp. 263–268, 2010. 
[105] M. Z. Sahdan, M. F. Malek, M. S. Alias, S. A. Kamaruddin, C. A. 
Norhidayah, N. Sarip, N. Nafarizal, and M. Rusop, ―Fabrication of inverted 
bulk heterojunction organic solar cells based on conjugated P3HT: PCBM 
using various thicknesses of ZnO buffer layer,‖ Opt. J. Light Electron Opt., 
vol. 126, no. 6, pp. 645–648, 2015. 
[106] K. L. Foo, M. Kashif, U. Hashim, and M. E. Ali, ―Fabrication and 
characterization of ZnO thin Films by sol-gel spin coating method for the 
determination of phosphate buffer saline concentration,‖ Curr. Nanosci., vol. 
9, no. 2, pp. 288–292, 2013. 
[107] J. G. Quiñones-Galván, I. M. Sandoval-Jiménez, H. Tototzintle-Huitle, L. A. 
Hernández-Hernández, F. de Moure-Flores, A. Hernández-Hernández, E. 
Campos-González, A. Guillén-Cervantes, O. Zelaya-Angel, and J. J. Araiza-
Ibarra, ―Effect of precursor solution and annealing temperature on the physical 
properties of Sol–Gel-deposited ZnO thin films,‖ Results Phys., vol. 3, pp. 
248–253, 2013. 
[108] A. Singh and P. Kumar, ―Structural, morphological and optical properties of 
sol gel processed CdZnO nanostructured films: effect of precursor solvents,‖ 
Int. Nano Lett., vol. 3, no. 1, p. 57, 2013. 
[109] E. Gunasekaran, P. Shankar, G. K. Mani, and J. B. B. Rayappan, ―Modulation 
of ZnO film thickness and formation of water-hyacinth nanostructure,‖ Eur. 
Phys. Journal-Applied Phys., vol. 67, no. 2, 2014. 
[110] G. Clavel, M. Willinger, D. Zitoun, and N. Pinna, ―Solvent dependent shape 
and magnetic properties of doped ZnO Nanostructures,‖ Adv. Funct. Mater., 
vol. 17, pp. 3159–3169, 2007. 
[111] S. Kuriakose, B. Satpati, and S. Mohapatra, ―Effects of solvent on structural, 
optical and photocatalytic properties of ZnO nanostructures,‖ Adv. Mater. Lett. 
Adv. Mater. Lett, vol. 6, no. 612, pp. 1104–1110, 2015. 
[112] Z. Y. Wu, F. R. Chen, J. J. Kai, W. B. Jian, and J. J. Lin, ―Fabrication, 
characterization and studies of annealing effects on ferromagnetism in Zn1− 
xCoxO nanowires,‖ Nanotechnology, vol. 17, no. 21, p. 5511, 2006. 
[113] E.-H. Ko and H.-K. Kim, ―Highly transparent vanadium oxide-graded indium 
zinc oxide electrodes for flexible organic solar cells,‖ Thin Solid Films, vol. 
601, pp. 2–6, 2016. 
[114] B. Aslibeiki and P. Kameli, ―Effect of ZnO on Structural and Magnetic 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
101 
 
Properties of MnFe2O4/ZnO Nanocomposite,‖ J. Supercond. Nov. Magn., vol. 
5, no. 2, pp. 3343–3350, 2015. 
[115] S.-L. Ou, H.-R. Liu, S.-Y. Wang, and D.-S. Wuu, ―Co-doped ZnO dilute 
magnetic semiconductor thin films by pulsed laser deposition: Excellent 
transmittance, low resistivity and high mobility,‖ J. Alloys Compd., vol. 663, 
pp. 107–115, Apr. 2016. 
[116] M. Tekin, H. Tuğral, Ö. Özdemir, H. Çimenoğlu, E. S. Kayalı, A. B. Tuğrul, 
N. Baydoğan, M. Baydoğan, N. Altınsoy, and G. Albayrak, ―Investigation of 
heat treatment and Al Doping on irradiated nanosize hexagonal ZnO,‖ in 5 th 
International Advanced Technologies Symposium (IATS 09), May 13-15, 
2009, Karabuk, Turkey, 2009. 
[117] T. Prasada Rao and M. C. Santhosh Kumar, ―Resistivity Stability of Ga Doped 
ZnO Thin Films with Heat Treatment in Air and Oxygen Atmospheres,‖ J. 
Cryst. Process Technol., vol. 2, no. 2, pp. 72–79, 2012. 
[118] R. S. Sreedharan, V. Ganesan, C. P. Sudarsanakumar, K. Bhavsar, R. Prabhu, 
and V. P. P. Mahadevan Pillai, ―Highly textured and transparent RF sputtered 
Eu(2)O(3) doped ZnO films,‖ Nano Rev., vol. 6, p. 10.3402/nano.v6.26759, 
Mar. 2015. 
[119] B. Pal, S. Dhara, P. K. Giri, and D. Sarkar, ―Room temperature 
ferromagnetism with high magnetic moment and optical properties of Co 
doped ZnO nanorods synthesized by a solvothermal route,‖ J. Alloys Compd., 
vol. 615, pp. 378–385, 2014. 
[120] I. S. Roqan, S. Venkatesh, Z. Zhang, S. Hussain, I. Bantounas, J. B. Franklin, 
T. H. Flemban, B. Zou, J.-S. Lee, U. Schwingenschlogl, P. K. Petrov, M. P. 
Ryan, and N. M. Alford, ―Obtaining strong ferromagnetism in diluted Gd-
doped ZnO thin films through controlled Gd-defect complexes,‖ J. Appl. 
Phys., vol. 117, no. 7, p. 73904, 2015. 
[121] A. Sivagamasundari, R. Pugaze, S. Chandrasekar, S. Rajagopan, and R. 
Kannan, ―Absence of free carrier and paramagnetism in cobalt-doped ZnO 
nanoparticles synthesized at low temperature using citrate sol–gel route,‖ 
Appl. Nanosci., vol. 3, no. 5, pp. 383–388, 2013. 
[122] C. Liu, F. Yun, and H. Morko??, ―Ferromagnetism of ZnO and GaN: A 
Review,‖ J. Mater. Sci. Mater. Electron., vol. 16, no. 9, pp. 555–597, 2005. 
[123] V. Rajendar, K. V. Rao, M. Ahmadipour, and K. Shoban, ―Nanocrystalline 
Zn1−xCoxO (0.05 ≤ x ≤ 0.2) Powders Produced by Novel Auto-Combustion 
Method and Their Characterization Characterization,‖ Adv. Sci. Eng. Med., 
vol. 5, no. 11, pp. 1176–1180, 2013. 
[124] A. G. El Hachimi, H. Zaari, A. Benyoussef, M. El Yadari, and A. El Kenz, 
―First-principles prediction of the magnetism of 4f rare-earth-metal-doped 
wurtzite zinc oxide,‖ J. Rare Earths, vol. 32, no. 8, pp. 715–721, 2014. 
[125] V. N. Matveev, V. I. Levashov, V. T. Volkov, O. V Kononenko, A. V 
Chernyh, M. a Knjazev, and V. a Tulin, ―Fabrication and use of a nanoscale 
Hall probe for measurements of the magnetic field induced by MFM tips.,‖ 
Nanotechnology, vol. 19, p. 475502, 2008. 
[126] J. Tauc, R. Grigorovici, and A. Vancu, ―Optical properties and electronic 
structure of amorphous germanium,‖ Phys. status solidi, vol. 15, no. 2, pp. 
PTTA
PER
PUS
TAK
AAN
 TU
NKU
 TU
N A
MIN
AH
102 
 
627–637, 1966. 
[127] O. Oprea, O. R. Vasile, G. Voicu, L. Craciun, and E. Andronescu, 
―Photoluminescence, magnetic properties and photocatalytic activity of Gd3+ 
doped ZnO nanoparticles.,‖ Dig. J. Nanomater. Biostructures, vol. 7, no. 4, 
2012. 
[128] M. Shatnawi, A. M. Alsmadi, I. Bsoul, B. Salameh, M. Mathai, G. Alnawashi, 
G. M. Alzoubi, F. Al-Dweri, and M. S. Bawa’aneh, ―Influence of Mn doping 
on the magnetic and optical properties of ZnO nanocrystalline particles,‖ 
Results Phys., vol. 6, pp. 1064–1071, 2016. 
[129] T. Srinivasulu, K. Saritha, and K. T. R. Reddy, ―Synthesis and 
Characterization of Fe-doped ZnO Thin Films Deposited by Chemical Spray 
Pyrolysis,‖ Mod. Electron. Mater., 2017. 
[130] Y. Zhang, T. P. Basel, B. R. Gautam, X. Yang, D. J. Mascaro, F. Liu, and Z. 
V. Vardeny, ―Spin-enhanced organic bulk heterojunction photovoltaic solar 
cells,‖ Nat. Commun., vol. 3, p. 1043, 2012. 
[131] R. Jansen, ―Spintronics: Solar spin devices see the light,‖ Nat Mater, vol. 12, 
no. 9, pp. 779–780, Sep. 2013. 
[132] A. Rao, P. C. Y. Chow, S. Gélinas, C. W. Schlenker, C.-Z. Li, H.-L. Yip, A. 
K.-Y. Jen, D. S. Ginger, and R. H. Friend, ―The role of spin in the kinetic 
control of recombination in organic photovoltaics.,‖ Nature, vol. 500, no. 
7463, pp. 435–9, 2013. 
[133] J. Fabian, I. Žutić, and S. Das Sarma, ―Theory of spin-polarized bipolar 
transport in magnetic p− n junctions,‖ Phys. Rev. B, vol. 66, no. 16, p. 165301, 
2002. 
[134] I. Žutić, J. Fabian, and S. Das Sarma, ―Spin-Polarized Transport in 
Inhomogeneous Magnetic Semiconductors: Theory of Magnetic/Nonmagnetic 
p− n Junctions,‖ Phys. Rev. Lett., vol. 88, no. 6, p. 66603, 2002. 
 
